Vascular occlusive disease poses a threat to kidney viability, but whether the events leading to injury and eventual fibrosis actually entail reduced oxygenation and regional tissue ischemia is unknown. Answering this question has been difficult because of the lack of an adequate method to assess tissue oxygenation in humans. BOLD (blood oxygen-level-dependent) magnetic resonance imaging detects changes in tissue deoxyhemoglobin during maneuvers that affect oxygen consumption, therefore this technique was used to image and analyze cortical and medullary segments of 50 kidneys in 25 subjects undergoing magnetic resonance (MR) angiography to diagnose renal artery stenosis (RAS). Magnetic rate of relaxation (R2*) positively correlates with deoxyhemoglobin levels and was therefore used as a surrogate measure of tissue oxygenation. Furosemide was administered to examine the effect of inhibiting energy-dependent electrolyte transport on tissue oxygenation in subjects with renovascular disease. In 21 kidneys with normal nephrograms, administration of furosemide led to a 20% decrease in medullary R2* (P Ͻ 0.01) and an 11.2% decrease in cortical R2*. In normal-size kidneys downstream of high-grade renal arterial stenoses, R2* was elevated at baseline, but fell after furosemide. In contrast, atrophic kidneys beyond totally occluded renal arteries demonstrated low levels of R2* that did not change after furosemide. In kidneys with multiple arteries, localized renal artery stenoses produced focal elevations of R2*, suggesting areas of deoxyhemoglobin accumulation. These results suggest that BOLD MR coupled with a method to suppress tubular oxygen consumption can be used to evaluate regional tissue oxygenation in the human kidney affected by vascular occlusive disease.
Determining the relationships between arterial blood flow to the kidneys and tissue oxygenation poses a major challenge. This arises partly from the fact that kidney blood flow is related to its filtration function and usually far exceeds that needed to provide oxygen for energy requirements. High-grade occlusive disease of the main renal arteries (more than 60 to 80% lumen occlusion) can raise systemic arterial pressures by reducing perfusion pressure enough to activate multiple pathways, including the renin-angiotensin system and adrenergic sympathetic outflow. 1 Remarkably, this sequence can occur without sufficient reduction in blood flow to lower renal venous oxygen tension or activate erythropoietin release. 2, 3 At some point, vascular occlusion threatens the viability of the kidney and can lead to loss of kidney function, sometimes reversible with revascularization. 4 Eventually, occlusive disease leads to tissue fibrosis that becomes irreversible and can lead to end-stage kidney disease, which some authors designate "ischemic nephropathy." [5] [6] [7] Whether the sequence of events leading to fibrosis and kidney injury actually entails reduced oxygenation and regional tissue ischemia in humans is not yet known. Some authors estimate that basal oxygen requirements are met with less than 10% of blood flow. 8 Important differences in tissue oxygen requirements and delivery exist within regions of the kidney, leaving some areas vulnerable to reduced flow. Inner medullary regions appear to function near the lower limits of adequate oxygenation, whereas the cortex may be more abundantly perfused. 9, 10 Much of the suprabasal oxygen consumption within the kidney is determined by energy-dependent tubular electrolyte transport. "Basal" oxygen consumption reflects the minimum oxygen requirement for tissue viability without active transport. "Suprabasal" oxygen consumption refers to the additional portion of kidney oxygen consumption dependent upon tubular transport, localized primarily to transport sites beyond the proximal tubule. A large fraction of active transport and oxygen consumption is localized to the thick ascending loop of Henle, where approximately 25% of sodium and chloride reabsorption occurs attributable to the 2Cl,Na,K cotransporter. 11 Some estimate that nearly 60% of suprabasal oxygen consumption occurs in this section and can be inhibited by loop diuretics (e.g. furosemide). Distal segments account for smaller amounts of sodium reabsorption (approximately 5%). [11] [12] [13] Investigation of regional oxygenation in the intact organism has been limited by the technical challenges of measuring oxygen tension in vivo. Recent studies using BOLD MR suggest that changes in tissue deoxyhemoglobin can be detected during maneuvers that change oxygen consumption. The premise of this technique is that the rate of spin relaxation after a magnetic pulse is altered by the quantity of paramagnetic material (specifically deoxyhemoglobin) in the region of interest. Oxygenated hemoglobin is diamagnetic and has no magnetic moment, whereas deoxygenated hemoglobin is paramagnetic and can affect the apparent spin-spin relaxation time (T2*) of adjacent water protons. This is expressed as the reciprocal of T2* and designated the apparent relaxation rate, or R2* (ϭ1/T2*, /sec), which increases with increased amounts of deoxygenated hemoglobin. Measurement of R2* has been applied to evaluation of brain and muscle ischemia during circulatory insults. 14, 15 Local concentrations of deoxygenated hemoglobin reflect the equilibrium state of oxygenated species and therefore are a measure of local oxygen availability. Recent experimental studies indicate that changes in oxygen tension induced during water diuresis, 16 -18 experimental renovascular occlusion, 19, 20 and ureteral obstruction 21 accurately reflect alterations in tissue oxygen tensions within regional CLINICAL RESEARCH www.jasn.org circulations in the kidney. 19 -22 Whether this applies to human disease states has not yet been extensively studied, although recent reports demonstrate changes induced during exposure to various nephrotoxins 23, 24 and during kidney transplant allograft dysfunction from acute rejection or acute tubular necrosis. 25 We undertook these studies to examine changes in BOLD MR signals in kidney cortex and medulla in 25 patients undergoing renal MR angiography for a variety of reasons, primarily to evaluate the presence of large vessel atherosclerotic occlusive disease. We sought to determine basal levels of R2* and the changes induced by inhibiting energy-dependent sodium and chloride tubular transport in the thick ascending limb of Henle's loop (furosemide-suppressible oxygen consumption, or FSOC) in medulla and cortex of human kidneys in patients with atherosclerotic renovascular disease. Our hypothesis was that impaired blood supply to the kidney would lead to alterations in measurable oxygen consumption detectable by BOLD MR.
RESULTS
The clinical features of the 25 patients with 50 kidneys subjected to BOLD MR study are summarized in Table 1 . Fourteen of these subjects were women. The ages ranged between 31 and 85 yr, with a mean serum creatinine level of 1.7 mg/dl. On the basis of the abbreviated MDRD equation, the estimated GFR (eGFR) for these individuals was 43 ml/min/1.73m 2 , consistent with stage 3 chronic kidney disease (CKD). Of the kidneys studied, 29 were considered to have "high-grade" stenosis exceeding 60%, whereas 21 kidneys had no main renal artery lesion identified. Even for subjects with "normal" appearing poststenotic kidneys, on the basis of a normal nephrogram the mean estimated two-kidney GFR was 43 ml/min/1.73 m 2 . Cortical and medullary regions of interest (ROI) were identified from BOLD images (using the echo times (TE) yielding optimal cortical-medullary differentiation) and copied to corresponding parametric image of T2 as illustrated in Figure 1 . Shown in Figure 2 , A and B are examples of normal appearing kidneys by MR with normal size (left kidney). BOLD values for R2* before and after furosemide administration for normal appearing kidneys are summarized in Figure 3 . Although mean values for medullary R2* were higher than in cortex, these were preserved in this kidney. This is an example of a "normal" appearing kidney beyond a stenotic lesion (see text). The left kidney in this patient was considered a "normal" kidney. . MR angiogram (A) demonstrating near total occlusion to the right kidney with minimal filtration. Conventional intraarterial contrast angiography (B) (one week later) confirmed total occlusion and nonfunction of this kidney. This is an example of "nonviable" kidney as summarized in Table 2 . Figure 5 . MR angiogram in a patient with bilateral renal arterial stenosis (A), more severe on the left, on the basis of poststenotic dilation and reduced parenchymal volume. BOLD imaging demonstrated low levels of R2* both before and after furosemide (B). The right kidney had normal volume with higher baseline R2* with a large fall in R2* after administration of furosemide. These data suggest higher deoxyhemoglobin levels in the right kidney with exaggerated furosemide-suppressible oxygen consumption. Results observed with kidneys that were considered to have reduced function and/or loss of cortical volume were considered to be "abnormal" and are summarized in Table 1 . Levels of R2* were lower for both cortex (16.7 Ϯ 1.2 versus normal 22.3 Ϯ 0.3 s, P Ͻ 0.05) and medulla (16.9 Ϯ 1.3 versus 25.0 Ϯ 3.8 s, P Ͻ 0.03) as compared with normal kidneys. Furosemide administration produced no measurable changes in either cortical (16.7 Ϯ 1.3 to 17.3 Ϯ 1.6 s, NS) or medullary R2* (16.9 Ϯ 1.3 to 17.3 Ϯ 1.7 s, NS) levels. Nine of these kidneys were from subjects with atherosclerotic renal artery lesions and were judged to be "nonviable" on the basis of total arterial occlusion and/or absent early or late contrast enhancement as summarized in Table 2 . An example of total occlusion and nonfunction is illustrated in Figure 4 , A and B.
BOLD MR measurements obtained from ten normal sized kidneys located beyond high-grade renal artery lesions had R2* values in both cortex and medulla that were not different from normal kidneys without a vascular lesion. The nine atrophic kidneys with total occlusion again had low levels of R2* (cortex 17.6 Ϯ 2.2 and medulla 17.8 Ϯ 2.5 R2*/s) and demonstrated no evident change after administration of furosemide. When viable and nonviable kidneys were present in the same individual, these differences were readily apparent as illustrated in Figure  5 , A and B. Despite high-grade occlusive disease, many poststenotic kidneys had elevated levels of R2* (as compared with the contralateral kidney) that fell substantially after administration of furosemide as illustrated in Figure 5 . Absolute changes observed in cortical and medullary R2* values after furosemide in all ten individuals with "normal" parenchymal enhancement and RAS as compared with nine individuals with RAS and "nonviable" kidneys are summarized in Figure 6 .
In some patients, multiple vessels were observed to a single kidney, only one of which was affected by a high-grade stenosis. An example of such a case with a localized area of increased R2* adjacent to an area with lower R2* is illustrated in Figure 7 , A and B.
DISCUSSION
Our results present for the first time application of BOLD MR to human subjects with vascular compromise from atherosclerotic renal arterial disease. Our results indicate that basal levels of R2*, reflecting different levels of deoxygenated hemoglobin, oxygen saturation, and tissue volume, varied widely between individuals over a wide range of basal kidney function. Administration of intravenous furosemide in subjects with functional kidneys induced a rapid fall in R2* in both cortex and medulla, consistent with a fall in deoxyhemoglobin levels. We interpret these observations to demonstrate FSOC related to inhibition of tubular sodium chloride transport in the thick ascending loop of Henle, as others have described. 9, 11, 13 The overall fall in R2* in medullary regions was approximately twice that observed in the cortical regions, consistent with the medullary location of vascular supply to thick ascending limbs of Henle's loops and solute transport-related energy consumption under these conditions. For patients with kidneys affected by highgrade RAS but with preserved kidney volume and enhancement, R2* was elevated and fell after intravenous furosemide as illustrated in Figure 5 . These observations suggest that these poststenotic kidneys had active sodium reabsorption and relatively high levels of deoxyhemoglobin that fell after inhibition of electrolyte transport activity in the thick ascending limb. 26 By contrast, kidneys with total arterial occlusion and evident renal atrophy had reduced levels of both R2* and minimal change after intravenous furosemide administration. We interpret these observations to indicate that nonfunctioning kidneys were associated with less deoxyhemoglobin and therefore less exhaustion of oxygen availability. At first, these results may seem counterintuitive, because occluded blood flow might be associated with tissue ischemia. However, these results are consistent with observations of reduction in both cortical and medullary R2* signals in kidney allografts with acute dysfunction due either to cellular rejection or acute tubular necrosis. 25 Rejection episodes are characterized by tubulointerstitial inflammatory changes with associated impairment of tubular transport. Similar results were observed in our patients with more advanced CKD (serum creatinine Ͼ2.0 mg/dl), but preserved blood flow to the kidneys on the basis of the MR angiogram and post-MR angiogram images. We suggest that all of these data reflect oxygen availability in nonfiltering and nonreabsorbing kidneys.
Basal levels of R2* in our patients varied widely, but were generally higher in medulla than in cortex. The range of observed values are near those reported in patients without vascular disease, but the values were not uniform between pa- Figure 6 . Changes in BOLD MR measurements (Delta R2*/s) before and after furosemide (FSOC, furosemide-suppressible oxygen consumption) in patients with atherosclerotic renal artery stenosis (RAS) with "normal" kidneys as compared with "nonviable" kidneys with total occlusion (Table 2) . Nonfunctioning kidneys demonstrated no R2* response after intravenous furosemide, whereas poststenotic kidneys otherwise had consistent falls in R2* after furosemide, particularly in medullary regions.
tients. R2* values were generally similar within an individual subject sampled at different areas of cortex unless major differences in blood supply were noted, as illustrated in Figure 7 . These observations are supported by studies in normal volunteers that confirm higher medullary R2* levels than in cortex, an effect magnified by age. 23, 27 The reproducibility of repeated measurements within an individual is in the range of 3 to 4%. Recent studies using higher magnetic fields (3 Tesla) indicate less variability in the presence of more powerful magnetic field strength. 16, 28 It is likely that magnetic relaxation parameters are affected by tissue density, changes in blood flow, 29 hemoglobin levels (and therefore anemia), and the specific regions chosen for sampling, among others. The sensitivity of regional oxygenation within the kidney to specific maneuvers such as water diuresis depends upon age. 30 Studies of BOLD MR during changes in oxygen tension in murine tumors emphasize CLINICAL RESEARCH www.jasn.org these wide variations in tissue with widely heterogeneous erythrocyte distribution and flux. 31 For that reason, it seemed likely that changes in R2* observed before and after a maneuver intended to alter oxygen consumption, such as furosemide administration, could provide more consistent information related to physiology within an individual subject than absolute levels of R2* alone. This strategy has previously been applied similarly during studies of acute changes in water homeostasis and nonsteroidal administration in human subjects. 16 Our results were remarkable for demonstrating large changes in R2* after furosemide within the kidney cortex even in subjects with reduced GFR beyond a high-grade stenosis. There often was asymmetry between kidneys within individual subjects (illustrated in Figure 5B ). We interpret these observations to suggest that high levels of deoxyhemoglobin with a preserved response to furosemide can be identified even for kidneys with reduced glomerular filtration beyond a stenotic lesion. Our results are supported by reports of preserved cortical tissue volume in poststenotic kidneys, despite reduced function as measured by isotope renography. 32 The authors of that study suggest that GFR might be recoverable for such cases and that nonfiltering kidney tissue represents a form of "hibernation" in the kidney with the potential for restored kidney function after restoring blood flow. 32 The premise that elevated R2* and responses to furosemide represent highly active solute reabsorption is supported by previous studies of "split" kidney function using ureteral cannulation to examine fractional sodium excretion in kidneys beyond stenotic lesions. Results of those studies indicate that reduction in delivered sodium in the urine confirms a hemodynamically significant renal arterial lesion to a functioning kidney that could respond favorably to renal revascularization. 4, 33 Whether studies with BOLD MR will provide insight into the "salvageability" of poststenotic kidneys cannot be determined from the data presented here but merits further study. Recent concerns regarding the potential for gadolinium-based MR contrast to induce tissue sclerosis ("nephrogenic systemic fibrosis") 34 may limit the use of contrast-enhanced MR angiography alone for imaging the renal vasculature in subjects with severely reduced GFR. Alternative methods without contrast, such as BOLD MRI, may provide important alternative techniques for investigating vascular compromise and renal functional status.
These studies have limitations inherent to clinical studies in humans. Does BOLD MR provide direct measurement of tissue oxygenation within the kidney? Studies using an oxygen electrode in experimental short-term experimental ureteral obstruction and acute renal arterial occlusion demonstrate a close relationship between changes in R2* and changes in tissue oxygen levels. 19, 21 Whether these changes persist over time and are related to true "ischemia" in human subjects cannot be addressed with the data presented here. Whether changes in deoxyhemoglobin predict activation of oxidative stress injury within the kidney is not known and is an important area for future study. It is possible that reduced furosemide response within solute transporting segments may reflect either (1) loss of functioning tubular transport mechanisms (as observed with irreversible parenchymal injury) or (2) absent requirement for solute transport, e.g. sodium surfeit states. An important additional consideration in subjects with arterial occlusion or advanced CKD is the limited ability for intravenous furosemide to be transported into the tubular lumen to achieve maximal activity. These considerations make interpretation of a limited change in R2* after furosemide open to several explanations. Nonetheless, detection of a large change in R2* after furosemide implies relatively preserved blood flow and metabolic oxygen consumption related to chloride and sodium transport.
These studies represent an initial examination of BOLD MR as a rapid, noninvasive, and functional measurement to examine tissue deoxyhemoglobin and oxygen availability within regions of the poststenotic kidney in humans. Taken together, our results provide support for further studies to examine changes in BOLD MR to activation of pathways related to reduced tissue oxygenation, including activation of the reninangiotensin system, "oxidative stress," and fibrogenic cytokines that may lead to irreversible tissue injury.
CONCISE METHODS
These studies were performed in 25 patients referred for MR angiography for clinical reasons, usually to exclude underlying atherosclerotic renal arterial disease as a contributing factor to kidney dysfunction. Before renal MR imaging and gadolinium-enhanced MR angiography, BOLD imaging was performed at 1.5 Tesla field strength to measure R2* levels in medullary and cortical regions of the kidney using customized abdominal organ protocols as described previously. 19 The records and clinical features of these subjects were reviewed with approval from the Mayo Institutional Review Boards.
MR imaging examinations were performed on GE Twin Speed EXCITE 1.5T systems. Three-plane, single-shot, fast-spin echo localizers were performed during suspended respiration followed by additional scout images (single-shot fast-spin echo) oriented parallel to the long axis of each kidney. These long axis scout images were then used to prescribe transverse BOLD images in a plane orthogonal to the long axis.
BOLD imaging consisted of a two dimensional fast spoiled gradient echo sequence with multiple TE. Eight echoes were obtained for each slice location, with TE ranging from 2.5 to 30 ms. Imaging parameters for the BOLD acquisition included: TR 140 ms, flip angle 45 degrees, slice thickness 10 mm, imaging matrix 224 ϫ 160 to 192, field of view (FOV) 32 to 40 cm, with 0.7 to 1.0 partial-phase FOV (PFOV). Image matrix and repetition time (TR) were adjusted in patients with limited breath hold capacity, and the FOV and PFOV adjusted according to patient size. BOLD images were acquired during suspended respiration, typically with three slices through the upper pole, mid pole, and lower pole of one kidney obtained during a 20-s acquisition. Parametric images of R2* were then generated by fitting signal intensity versus TE data to an exponential function on a voxel-byvoxel basis.
After the initial BOLD acquisition, furosemide (20 mg) was administered intravenously and flushed with 20 ml of saline. The BOLD measurements were repeated 15 min later. Subsequently perfusion images were obtained matching the slice location of the BOLD acquisitions. Five milliliters of gadolinium contrast [gadodiamide (Omniscan, GE Healthcare)] were injected intravenously at 3 to 4 ml/s using an MR-compatible automatic injector (Spectris Solaris, Medrad, Inianola, Pennsylvania), and images were acquired for approximately 30 s, with a temporal resolution of 2 s. The perfusion sequence consisted of a two-dimensional spoiled gradient echo sequentially acquired acquisition with 10-mm slice thickness, 128 ϫ 128 imaging matrix, and FOV of 32 to 40 cm.
Three dimensional contrast-enhanced MRA of the abdominal aorta and renal arteries was then performed, with imaging parameters including: TR/TE 3.4/1.2 ms, flip angle 35, bandwidth 83 kHz, FOV 26 to 28 cm, PFOV 0.75, imaging matrix 256 ϫ 224 reconstructed to 512 ϫ 512, and section thickness 1.6 mm. Gadodiamide (0.1 mM/kg) was injected at 3 ml/s, and acquisition of the MR angiography sequence coordinated with arrival of the contrast bolus in the abdominal aorta and renal arteries.
Cortical and medullary R2* values were determined by tracing cortical and medullary ROI on BOLD images (the image with a TE yielding optimal cortical-medullary differentiation was selected; Figure 1) and then copying the ROI to the corresponding parametric image of R2*. ROI for a given image included areas of cortex or medulla not obscured by artifact. In some patients, BOLD images did not provide clear differentiation of cortical-medullary regions. In these patients, perfusion images with cortical but not medullary enhancement were then used to trace ROI, which again were copied and pasted onto the BOLD parametric images. This sequence also served as the test bolus for contrast-enhanced renal MR angiography, allowing selection of the optimal scan delay to ensure peak arterial contrast.
Parametric R2* images were generated with software developed by GE Healthcare, which fits the signal intensity data from each echo of the BOLD images on a voxel-by-voxel basis to an exponential function describing the expected signal decay as a function of TE and solves for the unknown value of R2*. For data analysis, ROI were traced in the cortex and medulla manually, on the 7-msec TE image or any other image yielding optimal contrast between cortex and medulla, and then copied to the parametric R2* image to determine average values of R2* within the ROI. For each BOLD image, values were determined for R2* within the cortex and medulla for each kidney. Additional values were determined for each ROI after furosemide. The change in R2* from prefurosemide to postfurosemide was determined as "Delta-R2*."
Clinical features were recorded for each subject including age, serum creatinine, height, weight, sex, eGFR (by abbreviated MDRD equation), and additional imaging information when available. All but two subjects were taking an angiotensin converting enzyme inhibitor or angiotensin receptor blocker. Loop diuretics had been withheld. Kidneys with RAS were identified by contrast-enhanced MR angiography on the basis of luminal artery narrowing. The degree of stenosis was estimated as above 60% on the basis of the presence of poststenotic dilation or ultrasound velocities above 200 cm/s. 35 RAS with "preserved" function was assigned to kidneys with immediate enhancement, as seen on either perfusion or MRA images and late enhancement of post-MRA images that was not different from normally filtering kidneys without RAS (Figure 2, A and B) . Kidneys with RAS were considered "nonviable" if total occlusion was present or severe loss of kidney size (Ͻ7-cm length) was identified without an evident nephrogram.
Statistical Methods
Summary data for each variable are expressed as the mean Ϯ SEM. Comparisons between medullary and cortical regions for each kidney were made by paired comparisons using t test. Differences between groups were determined by ANOVA. Regression analysis was performed using JMP statistical software. 36 
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